We investigated structural parameter dependence of the directed current in GaAs nanowire-based Brownian ratchet devices. The directed current was generated by flashing the ratchet potential array repeatedly using multiple asymmetric gates with a periodic signal. The amount of current in the fabricated device was increased as the nanowire width W was decreased, which contradicted to the theoretical model. The current also depended on the number of the gates N, when N was smaller than 6. We discussed the obtained results in terms of the structure dependence of the carrier transfer efficiency and the effect of the electron reservoirs to the current generation in flashing ratchet operation.
Introduction
Biological systems are highly energy efficient as compared to artificial electronic systems. 1) Understanding its origin and electronic implementation has been an attractive issues toward ultra low-power electronics. In this point of view, a molecular motor is one of the important examples, which drives muscular contraction exploiting fluctuation. [2] [3] [4] [5] Its energy conversion efficiency is considered to be as high as 50 %. 6) The mechanism of the molecular motor is known as Brownian ratchet, 7, 8) in which the motion of Brownian particles is rectified using a periodic array of asymmetric ratchet potentials. 9, 10) The
Brownian ratchet has been artificially demonstrated using various systems such as microparticles, [11] [12] [13] [14] [15] [16] [17] living cells, 18) and electrons. [19] [20] [21] [22] [23] So far several electron Brownian ratchet devices that generated directed current was reported, [19] [20] [21] [22] [23] however, the main interest has been in the experimental demonstration and in physical aspect. Next step is to achieve high energy efficiency comparable to the biological system for application.
Recently we fabricated the electron Brownian ratchet device using an etched GaAs nanowire with multiple asymmetric Schottky wrap gates and demonstrated the generation of the directed current at room temperature. 24) The advantages of this device in terms of the efficiency are collimation of the electron motion into the nanowire direction, and formation and flashing of the ratchet potential by a asymmetric wrap gate that provides tight potential control owing to three-dimensional gate configuration. [25] [26] [27] [28] In this paper we investigate structural parameter dependence of the directed current in the GaAs-based nanowire Brownian ratchet device. We fabricate and characterize the devices having various nanowire width and number of gates in terms of the amount of the current and the carrier transfer efficiency.
Concept and experiment
The mechanism of the Brownian ratchet is schematically shown in Fig. 1(a) . In case of the biological molecular motor, the actin filament is the one-dimensional rail for running myosin. The chemical interaction between the actin and myosin realizes the situation as shown in Fig. 1(a) . 3, 9) In case of the electron Brownian ratchet, the ratchet is electrically formed with an asymmetric electrostatic potential. Consider that the electrons with Brownian motion are accumulated in the potential valleys as shown in the top of Fig. 1 (a). Then the potential is disappeared, the electrons move forward and backward equally due to thermal diffusion. When the ratchet potential is formed again, a part of the diffusing electrons moves to the left next valley whereas the others are again trapped in the same valley in the previous step. Repeating this process, directed electron flow is generated. This type of operation is called as "flashing ratchet".
A GaAs nanowire-based Brownian ratchet device with a measurement setup is schematically shown in Fig. 1 
Results and discussion
3.1. Nanowire width dependence Figure 2 (a) shows the measured net current I NET as a function of flashing frequency f. The nanowire widths of the measured devices were 300, 500, 680, and 720 nm.
The negative current was generated when the flashing frequency was higher than 1 MHz and the amount of current increased as the frequency increased. The polarity of the current agreed with the ideal one that was determined from the ratchet potential configuration. The observed frequency dependency of the current suggested that it was neither the gate leakage current nor the rectification of the input signal through the Schottky gate; these currents do not depend on the input signal frequency. We also found that the current increased as the nanowire width decreased. This dependency contradicted the usual size dependence of the resistance.
We compare the experimental I NET -f curve with the theoretical one. I NET is calculated from a simple model expressed by 29, 30) 
where L = L G + L D , is the carrier transfer rate corresponding to the fraction of the carriers moving to the next potential valley and e is the elemental charge. In this model parameters excepting  are known. At most half of the electrons contribute to the net current, thus the maximum value of  is 0.5.
30) The theoretical curves for the devices with the same dimensions in Fig. 2 (a) are shown in Fig. 2(b) . Theoretically the current increases as W increases. Experimentally obtained W dependence also contradicts the theory.
To understand the obtained W dependence of I NET , we consider that the carrier transfer rate itself depends on the nanowire width. Then the effective carrier transfer rate  eff is estimated from the experimental data using the equation,
The evaluated  eff is plotted in Fig. 3 is the electron diffusion coefficient. 30) In our device, the diffusion length is estimated to be enough longer than M, thus  0 = 0.5 is expected. The potential simulation results in Fig. 4 show that M increases as W decreases at the same V G condition. It is noted that the ratchet potential configuration in the nanowire direction depends on its lateral position as shown in the inset of Fig. 4 , which is an example of the two-dimensional potential distribution in the 2DEG layer. Therefore, for calculating  eff , we use averaged M in the lateral direction. The calculated  eff is also plotted in Fig. 3 We estimate the carrier diffusion length in our device. Here we assume that the carrier lifetime e is dominated by the surface recombination because of the high-density surface states of the GaAs surface together with high surface-to-bulk ratio of the nanowire. From L = L G + L D = 400 nm in our device, the model indicates that the current is decreases when N ≤ 5, which reasonably explains the behavior in Fig. 5(b) . The model with the discussion suggests the effect of the electron reservoirs on the Brownian ratchet device and provides a design guideline in terms of the device length, the gate length, and the number of the gates.
Conclusions
Structural parameter dependence of the directed current in GaAs nanowire-based Brownian ratchet devices was experimentally investigated for optimizing the device design.
The current was increased as the nanowire was narrowed from 720 nm to 300 nm. Lateral depletion from the side of the nanowire enlarged the ratchet potential, which improved the carrier transfer rate. The directed current was found to also depend on the number of the asymmetric gates. This result indicated that the ratchet potential array needed to have sufficient length to attenuate the carrier diffusion from the electron reservoirs for current generation by flashing ratchet operation. 
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